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The spatio-temporal requirements for direction selectivity were studied in two extrastriate motion processing areas in the cat,
area 18 and the posteromedial lateral suprasylvian cortex (PMLS). Direction, velocity and pixel size of random pixel arrays
(RPA) were adjusted for each neuron and direction selectivity was measured as a function of step size and delay for a given optimal
velocity. A subset of direction selective complex cells in area 18 was tuned to intermediate step size and delay combinations rather
than the smoothest motion (band-pass cells). Other area 18 complex cells responded best to the smallest value of step size and delay
(low-pass cells). Tuning varied with the pixel size of the RPA. Cells with tuning for smaller pixels favoured a preference for non-
smooth motion. Area 18 cells with lower spatial resolution showed larger optimal and maximal step sizes. For a subset of the cells in
area 18, we measured direction selectivity for extensive step-delay combinations, covering multiple velocities. Results showed that
most cells were tuned to narrow range of step-delay combinations, and that the optimal step size was independent of temporal delay.
Direction selective complex cells in PMLS were tuned to larger pixel sizes than those in area 18, although the distributions did over-
lap. In contrast to area 18, PMLS cells preferred the smoothest motion, irrespective of RPA pixel size.
 2005 Elsevier Ltd. All rights reserved.
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Perceptually, apparent motion is indistinguishable
from continuous, real motion if the sampling rate of
the moving pattern is suﬃciently high (Morgan, 1980).
The spatial and temporal limits for human coherent mo-
tion detection (van Doorn & Koenderink, 1982a,
1982b), suggest that real motion is also discontinuously
sampled by the motion system. The question thus arises
how this is implemented physiologically.
In cats and primates direction selectivity in the genic-
ulate-cortical pathway ﬁrst arises at the level of the pri-0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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temporal requirements for direction selectivity at the
ﬁrst cortical stages have been studied extensively in both
cats (e.g. Baker & Cynader, 1986, 1988; Baker, 2001;
Cremieux, Orban, & Duysens, 1984; Duysens, Maes,
& Orban, 1987; Emerson & Gerstein, 1977; Ganz & Fel-
der, 1984; Goodwin, Henry, & Bishop, 1975; van Wezel,
Lankheet, Fredericksen, Verstraten, & van de Grind,
1997) and monkeys (e.g. Mikami, Newsome, & Wurtz,
1986; Newsome, Mikami, & Wurtz, 1986). Some studies
(e.g. Emerson, Citron, Vaughn, & Klein, 1987; Baker,
2001) provided support for energy models of the type
proposed by Adelson and Bergen (1985) whereas others
(e.g. Baker, 2001; Baker & Cynader, 1988; van Wezel
et al., 1997) support bilocal motion detection similar
to those originally proposed by Reichardt (1961). Such
a motion mechanism loses direction selectivity not only
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cial complex cells in particular seem to display this latter
type of behaviour (Baker, 2001; van Wezel et al., 1997).
In cats, areas 18 and PMLS are unequivocally in-
volved in motion processing (Pasternak & Maunsell,
1992; Kiefer, Kruger, Strauss, & Berlucchi, 1989; Paster-
nak, Horn, & Maunsell, 1989; Spear, 1991). Yet, it is un-
known how the spatio-temporal limitations in these
areas compare to those found in area 17. Results for
area 18 were mostly discussed in combination with those
for area 17 (Baker, 2001; Duysens et al., 1987) and only
one study (Gru¨sser & Gru¨sser-Cornehls, 1973) men-
tioned spatio-temporal limits of direction selectivity in
cat suprasylvian cortex, which includes PMLS. In the
present study we speciﬁcally investigate tuning for step
size and delay for complex cells in areas 18 and PMLS.
This will reveal to what extent ﬁndings in primary visual
cortex diﬀer from parallel (area 18) and higher (PMLS)
motion processing stages. We used random pixel arrays
(RPAs) in apparent motion with variable step size and
delay between successive steps. These stimuli select com-
plex cells exclusively, because simple cells, even those
displaying direction selectivity for drifting gratings,
showed no selectivity for the direction of RPA motion.
To measure tuning for speciﬁc combinations of step
size and delay, we used RPAs moving with a single step
pattern lifetime (SSPL), similar to those used in human
psychophysical experiments (Fredericksen, Verstraten,
& van de Grind, 1993; Lankheet, van Doorn, & van
de Grind, 2002) and for area 17 complex cells by van
Wezel et al. (1997). Whereas a moving pattern of unlim-
ited pixel lifetime (ULPL) contains motion energy at
multiple combinations of step and delay (V = nS/nT), a
SSPL stimulus contains motion energy at a single step
size/delay combination only. We will mainly focus on re-
duced direction selectivity for decreasing step size and
delay values, since this directly relates to the sampling
limits predicted by bilocal motion detection schemes
and to related ﬁndings for both complex cells in cat area
17 (van Wezel et al., 1997) and human psychophysics
(van de Grind, Koenderink, & van Doorn, 1986).2. Methods
2.1. Physiological preparation and recording procedure
Six adult female cats, weighing approximately 3 kg
each, were used in this study. The experiments were car-
ried out according to the guidelines of the Law on Ani-
mal Research of the Netherlands and of the Utrecht
Universitys Animal Care and Use Committee. Anaes-
thesia for the tracheotomy and craniotomy was induced
by intramuscular injection of ketamine (15 mg/kg) and
xylazine (0.5 mg/kg) (Aescoket-plus, Aesculaap, BV).
During recordings, anaesthesia was maintained by ven-tilating the animal with a mixture of 70% N2O and
30% O2, supplemented with 0.3–0.6% halothane (Sanoﬁ
Sante´, BV, Maassluis). Rectal temperature was moni-
tored and maintained at 38 with an electric heating
blanket. Local analgesics in the form of Lidocaine or
Xylocaine ointments (Astra Pharmaceutica BV, Zoeter-
meer) were applied at wounds and pressure points.
Heart rate, blood pressure, inhaled and expired N2O,
O2, CO2 and halothane were monitored during the
experiment (Ohmeda 5250 RGM) and, when necessary,
regulated to correct ranges. Expired CO2 was kept at
4.5–5.5%. Muscle relaxation was maintained by intrave-
nous infusion of pancuronium bromide (Pavulon, N.V.
Organon, Oss) at 0.11 mg/kg/h together with 1.94% glu-
cose in a ringer solution.
Pupils were dilated with 1% atropine sulphate and the
nictitating membranes were retracted with 2% phenyl-
ephrine hydrochloride. The retinas were projected on a
white screen at 57 cm distance from the eyes and the po-
sition of the area centralis was estimated from the posi-
tions of the optic disks and from the orientation of
blood vessels. After completion of a set of measurements
for a cell, its position was marked on the same screen.
The eyes were focused at the appropriate viewing dis-
tance with gas-permeable contact lenses (+3.5 to +5.0
dioptre, courtesy of NKL, Emmen, The Netherlands).
Focal correction was assessed by back-projection of
the retinal blood vessels onto a white screen. During
the experiments clarity of the optics was checked
regularly.
The animal was placed in a stereotaxic apparatus
(Molenaar & Van de Grind, 1980) with its head ﬁxed
by ear bars and tooth clamps. Extracellular single cell
recordings from area 18 were obtained with tungsten
microelectrodes (impedance 1.0–5.4 MX at 500 Hz),
insulated with glass or parylene (WPI, Inc.). A craniot-
omy of 0.5 cm diameter was performed above area 18, at
Horsley–Clarke co-ordinates P 2–7 and ± (L1.5–L6.5).
For PMLS a craniotomy of 0.8 cm was made at Hors-
ley–Clarke co-ordinates A4–P4 and L13–L21 (Rein-
oso-Suarez, 1961). For area 18, the electrode was
advanced vertically, for PMLS at an angle of 30,
through an incision in the dura. Craniotomies were
sealed with agar (3% in ringer solution).
2.2. Visual stimuli
RPAs consisting of 50% black and 50% white pixels
(Julesz, 1971) were generated by a Macintosh G4 com-
puter. The frame rate of the stimulus monitor (Sony,
Multiscan 400 PS) was 100 Hz, corresponding to a
frame exposure duration of 10 ms. Delay times were
integer multiples of the frame duration. At the viewing
distance of 57 cm and monitor resolution of
1024 · 768 pixels the unit pixel size was 0.03 · 0.03
of visual angle. The size of RPA pixels was always a
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the stimulus window covered the full screen
(34.3 · 25.7). Mean luminance and contrast of the
RPAs were set to 50 cd/m2 and 0.99.
RPAs with both unlimited pattern lifetime (ULPL)
and with single step pattern lifetime (SSPL) were used.
In the case of ULPL stimuli, coherent motion was gener-
ated by shifting the pattern n unit pixels each exposure
frame (with n independent of RPA pixel size). In the case
of motion with SSPL, the pattern was randomly re-
freshed after each coherent motion step. For SSPL mo-
tion stimuli, steps were integer multiples of the pattern
pixel size. While in the case of the ULPL stimulus, lower
velocities were achieved by stepping a smaller distance
than the pattern pixel size, in the case of the SSPL stim-
ulus, this was achieved by shifting the pixels each ith
exposure frame. Thus, in the SSPL stimuli, motion could
not be detected based on a displacement of pixel bound-
aries or other local information, but required solving the
global motion correspondence problem. For SSPL stim-
uli, the pattern was refreshed after each coherent step,
thus the stimuli consisted of an alternation of coherent
and incoherent steps. Refreshing the pattern after each
coherent motion step assures that no coherent motion
information is present at multiples of the intended step
size and delay. A schematic drawing of this type of mo-
tion is shown as a space-time plot in Fig. 1. For more
stimulus detail see Fredericksen et al. (1993).
2.3. Measurement protocol
It is well known from physiological (Orban, 1984;
Duysens et al., 1987; Baker, 1988, 2001) as well psycho-
physical studies (Eagle & Rogers, 1996; Morgan, Perry,
& Fahle, 1997; Morgan, 1992; Sato, 1990) that stimulus
choice and parameters such as eccentricity, velocity, spa-
tial frequency content and size aﬀect tuning for spatial
displacement and temporal delay. To bypass this prob-
lem and to be able to compare tuning characteristicsFig. 1. Schematic, space time representation of the single step pattern
lifetime (SSPL) stimulus. The upper row represents part of a horizontal
line of dark and light pixels, moving leftward. At every odd frame, the
pattern makes a coherent step, which is alternated by randomly
refreshing the pattern at every even frame. Refreshing the pattern after
each motion step removes directionally speciﬁc correlation across
multiple time steps.within and between diﬀerent areas, we selected stimulus
parameters for each cell according to a standard proce-
dure. First, we determined the smallest pixel size that
elicited a direction selective response and then deter-
mined the preferred speed in the preferred direction at
that particular pixel size. Step size and delay tuning at
the preferred velocity were then measured using a SSPL
stimulus of the same pixel size, moving in the preferred
and anti-preferred direction of the cell.
The search stimulus was a RPA of ULPL moving in
0.5 s intervals in eight diﬀerent directions (from 0 to
315 in steps of 45). Pixel size and velocity were both
varied, pixel sizes ranging from 0.06 to 0.48. RF size
and orientation were determined using a hand-held light
bar, according to the method of Barlow, Blakemore,
and Pettigrew (1967). For some cells however the esti-
mate was rather course, due to masking by a relatively
high spontaneous activity.
Once a single unit was properly isolated, the cell was
classiﬁed as either simple or complex based on responses
to moving sinusoidal gratings (Skottun, Grosof, & De
Valois, 1991a, 1991b) and on direction selectivity to
moving textures (Hammond, 1991). Simple cells, with
a clearly modulated response to sine wave gratings, were
discarded. They never showed signiﬁcant direction selec-
tivity for moving RPAs.
Area 18 cells in this study had an eccentricity within
10 of the area centralis. Most cells were direction selec-
tive for pixel sizes of at least 0.24. A minority of the
cells, however, showed direction selectivity for a pixel
size of 0.12 or less. For area 18 we mostly used a pixel
size of 0.24, both for the measurements at the preferred
velocity and for the extended step and delay combina-
tions including a wider range of velocities. PMLS cells
were recorded within 25–30 of the area centralis and
most of these cells required a pixel size of at least
0.48 for direction selectivity. Few cells were direction
selective for patterns of smaller pixel sizes.
For complex cells in both areas, we ﬁrst determined
the optimal velocity for moving RPAs of ULPL with a
small pixel size that still gave direction selective re-
sponses. The optimal velocity was then used to measure
direction tuning in both the ipsi- and contra-lateral eye.
Subsequent measurements were performed for the dom-
inant eye only.
Direction tuning was measured quantitatively by pre-
senting moving RPAs with ULPL in eight diﬀerent
directions (from 0 to 315 in steps of 45), at the cells
preferred velocity. Peri-stimulus time histograms
(PSTHs) were evaluated online, for at least ten repeti-
tions of 2 s trials. Direction selectivity was quantiﬁed
by the direction index (DI), which was deﬁned as follows
(Casanova, Nordmann, Ohzawa, & Freeman, 1992):
DI ¼ 1mean response in non PD
mean response in PD
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site to the preferred direction (PD). Only neurons with a
DIP 0.5, that is with a response in the preferred direc-
tion at least twice as large as in the non-preferred direc-
tion, were included in subsequent SSPL experiments.
2.4. SSPL experiments
Once the PD at the preferred velocity was deter-
mined, the SSPL experiment was started with patterns
moving in the PD and non-PD of the cell. Because SSPL
motion contains less motion energy than ULPL motion,
response levels and direction selectivity were generally
lower. If necessary, we increased the pixel size of the pat-
tern and performed SSPL experiments with one or two
larger pixel sizes as well. In this case velocity tuning
and direction tuning were re-measured at the larger pixel
sizes.
Mostly 10 diﬀerent combinations of step size and de-
lay were used, each corresponding to the cells preferred
velocity. Step and delay values were linearly spaced, e.g.
for a preferred velocity of 48/s and a pixel size of 0.48,
the step value ranged from 0.48 to 4.8 and the corre-
sponding delay values ranged from 10 ms to 100 ms. Tri-
als with diﬀerent stimulus conditions were randomised
within a block. Trial duration was 1.5–2 s, and the time
between trails was 0.5 s. Spontaneous activity for a uni-
form grey ﬁeld was measured in randomly interleaved
trials (one per block) with the same mean luminance
as the RPA pattern. Each stimulus condition was re-
peated ten times. The stimulus window always covered
the whole RF.
Studying the spatio-temporal requirements for direc-
tion selectivity at the preferred velocity is the ﬁrst step in
characterizing the cells response properties. Area 18
complex cells, however, show fairly broad tuning for
texture velocity (Vajda, Lankheet, van Leeuwen, &
van de Grind, 2002). Such broad velocity tuning might
result from variations in either step or delay (or both).
To determine the contributions from variations in pre-
ferred step and delay values to the width of velocity tun-
ing, we performed additional SSPL experiments for a
subset (11) of area 18 complex cells, at a wide range of
step and delay combinations. In these experiments pat-
terns with a pixel size of 0.24 · 0.24 moved in the
PD and non-PD of the cell, in at least 7 · 7 diﬀerent
combinations of step and delay (representing a wide
range of velocities). We refer to these experiments as
SSPL matrix experiments.
2.5. General data analysis
Signals were ampliﬁed (BAK Electronics, Inc.), ﬁl-
tered and displayed on an oscilloscope (Tektronix) and
fed to an audio monitor. Spikes were detected using a
window discriminator, and the resulting standardisedpulses were recorded by a computer (Macintosh G4)
at 0.5 ms time resolution. Spike trains, together with
all relevant stimulus parameters were stored on disk
for oﬀ-line data analysis. Dot displays and PSTHs were
analysed on-line as well, to monitor and adjust the data-
collection process.
2.6. SSPL data analysis
Direction selectivity for SSPL motion was quantiﬁed
by the diﬀerence in mean ﬁring rates in the non-PD and
in the PD for the same step-delay combination. Using a
diﬀerence measure rather than a ratio (as in the direction
index described for ULPL stimuli) prevents high levels
of baseline activity in SSPL experiments to obscure
direction selectivity.
One of the questions we were interested in was the
presence of a clear optimum step-delay combination,
and an associated reduction of direction selectivity for
small step size/delay values. We will refer to such a type
of tuning curve as band-pass. Band-pass tuning thus
indicates discrete spatial and temporal sampling in mo-
tion detection. Low-pass tuning, on the other hand,
means that no signiﬁcant increase in response is ob-
served for step sizes larger than the smallest value used.
For low-pass cells the smoothest motion yielded highest
direction selectivity. To statistically test whether a step-
size tuning curve was band-pass or low-pass, we deter-
mined whether the response signiﬁcantly (p < 0.05) de-
clined or increased for decreasing step size and delay
values. To this end, we performed pair-wise left- and
right sided T-tests on combinations of the smallest step
size and all larger step sizes. Cells showing a signiﬁcantly
lower response at the ﬁrst step size than at higher step
size(s) will be referred to as band-pass cells, while cells
with a signiﬁcantly higher response at the smallest step
size than at larger step size(s) are deﬁned as low-pass
cells. The T-test assumes normal distributions, which
are generally conﬁrmed for suﬃciently high spike rates.
We had no indications that our data were diﬀerent. It
also assumes equal variances, which is generally not
the case for spike rates. To ﬁnd out whether a square
root transformation could, on average, equalize the
variances we plotted variances as a function of spike
rate. Because no simple relation was found between
the variance and the mean, and the relationship clearly
diﬀered between area 18 and PMLS, we chose not to
transform our data. It should be noted therefore, that
we probably over-estimate the mean variance in the T-
test somewhat. Moreover, we only performed pair-wise
comparisons. As a result, we provide conservative esti-
mates on the number of band-pass tuned cells. More
sophisticated tests for signiﬁcant trends might have re-
sulted in even higher numbers of band-pass cells. Cells
without signiﬁcant diﬀerences at all had mostly unreli-
able responses and were excluded from further analysis.
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mined the optimal step and delay value (Dopt–Topt) by
simply taking the step-delay combination at which direc-
tion selectivity peaked. Obviously, for low-pass cells, no
optimal step and delay combination could be deter-
mined. To compare our results for band-pass and
low-pass tuned cells, and to related measures in the
literature, we also quantiﬁed the maximum step size
(Dmax) and delay (Tmax). The maxima were quantiﬁed
as the point on the step-delay tuning curve where direc-
tion selectivity surpassed the level of 1.75 times the cells
standard deviation of the spontaneous activity. For the
band-pass tuned cells in area 18 the value of 1.75 SD
corresponded to a level of 50% below maximal direction
selectivity, on average (with a SD of 0.64, n = 10). Dmax
and Tmax values were interpolated between data points
with the help of a 4th order polynomial ﬁt to the declin-
ing part of the step size-delay tuning curve. We chose a
4th order polynomial because it appeared to have the
optimal number of degrees of freedom to interpolate
between data points. Because no band-pass cells were
encountered in PMLS, we did not estimate Dmax–Tmax
combinations.3. Results
3.1. Step-delay measurements in area 18 and PMLS
SSPL experiments were performed on 24 complex
cells in area 18 and 27 cells in area PMLS. Pixel sizes
were adjusted to the spatial resolution of each cell
and varied from 0.06 to 0.48. An example of measure-
ments for an area 18 complex cell is shown in Fig. 2.
Fig. 2a and b show that this cell is direction selective
for coherently moving RPAs (ULPL stimuli). Direction
tuning was measured at the preferred speed as deter-
mined from the velocity tuning curve (Fig. 2b). In the
SSPL experiment (Fig. 2c and d), RPAs moved in the
preferred direction and in the non-preferred direction
of the cell. Step and delay values corresponded to the
cells preferred velocity at this pixel size. All data in
Fig. 2 were obtained with a pixel size of 0.24 for the
RPAs.
The peristimulus time histograms (PSTH) in Fig. 2c
illustrate the ﬁring characteristics of this cell. Both mo-
tion directions evoke responses signiﬁcantly above spon-
taneous activity for all step size-delay combinations.
Due to the dynamic noise inherent in SSPL stimuli the
responses were always smaller than for coherently mov-
ing patterns, and direction selectivity was also reduced.
Yet, direction selectivity strongly depended on the
step-delay combination. Fig. 2d shows the mean spike
rates for motion in the preferred and non-preferred
direction, as well as their diﬀerence. This complex cell
clearly shows a preference for intermediate step sizeand delay combinations. Direction selectivity, as quanti-
ﬁed by the diﬀerence between preferred and non-pre-
ferred directions, peaked at a step size-delay
combination of 0.72 (Dopt) and 30 ms (Topt). The de-
cline of directional selectivity for decreasing step-delay
values was highly signiﬁcant. This cell was therefore
classiﬁed as a band-pass cell.
In area 18, for 11 cells out of 24, direction selectivity
signiﬁcantly declined for decreasing step size (band-pass
cells). For 12 cells in area 18, directional selectivity was
signiﬁcantly higher at the smallest step-delay combina-
tion (low-pass cells) and one cell showed no signiﬁcant
diﬀerences. In PMLS, none of the cells was band-pass
and 19 cells (70%) showed low-pass response. The
remaining 8 cells did not show signiﬁcant diﬀerences.
For some cells (6 in area 18 and 5 in PMLS), SSPL
experiments required larger pixel sizes than the ones
used in the initial ULPL direction and velocity tuning
experiments. In these cases we ﬁrst re-measured the
velocity tuning at a larger pixel size and determined
the preferred velocity, which was then used in the SSPL
experiment. In most cases the preferred velocities were
slightly diﬀerent for diﬀerent pixel sizes. In general we
obtained diﬀerent optimal and maximal step sizes for
diﬀerent pixel sizes. Thus, step size tuning is not invari-
ant with pixel size (see Section 4). Fig. 3 shows the dis-
tribution of experiments with band-pass and low-pass
outcome as a function of pixel size. Note that data are
represented for all measured cells and all experiments
that gave signiﬁcant results.
In area 18 small pixel sizes tended to correspond to
band-pass tuning whereas larger pixel sizes yielded more
low-pass characteristics. At a pixel size of 0.24 band-
pass tuned cells are in the majority, whereas at 0.48
low-pass tuning is more common. Data for PMLS
clearly diﬀer from those for area 18. None of the cells
measured in PMLS showed band-pass tuning. Even
for a pixel size of 0.12, the smallest step-delay combina-
tion evoked the strongest response in PMLS cells.
Fig. 4 shows the distributions of optimal and maxi-
mal step sizes and delays for area 18 measurements (ex-
cept 3 cells, see legend of the ﬁgure). Since tuning in the
SSPL experiment did depend on pixel size, we divided
the cells in categories according to the pixel size used.
Optimal step size and delay values, as shown on the left
hand side, were determined for cells with band-pass
characteristics only. For low-pass cells no meaningful
optimum could be determined due to the ﬂoor enforced
by the smallest obtainable step size. The Dmax and Tmax
values for all area 18 cells (band-pass and low-pass) are
shown on the right hand side.
Optimal step sizes varied from 0.36 to about 1, with
a single outlier at 2.4. Corresponding optimal delay val-
ues ranged from 20 to 70 ms, with an outlier at 100 ms.
The distribution clearly varies with pixel size, larger pix-
el sizes generally corresponding to larger optimal step
Fig. 2. Direction tuning (a) and velocity tuning (b) and responses to single step pattern life time stimuli (c and d) for an area 18 complex cell. In each
experiment RPAs with a 0.24 pixel size were used. Direction and velocity tuning curves were obtained with a RPA with ULPL. In graphs a & b the
symbols represent responses to the moving patterns. The solid lines without markers show the level of spontaneous activity. Error bars represent ±1
standard error of the mean. (c) Peristimulus time histograms (PSTHs) of responses to RPAs moving with SSPL. The column on the left shows
responses for the cells preferred direction. The column on the right shows responses to the non-preferred direction. In the upper left corner of each
histogram, the mean spike rate is given in impulses per second. Step and delay combinations for each row are shown on the right hand side. Each
combination corresponds to the cells preferred velocity (24/s). Bin width: 4 ms. (d) Mean spike rates for the responses shown in (c), as a function of
step and delay combination. Solid discs represent responses to the preferred direction, open discs to the non-preferred direction and crosses represent
diﬀerences between preferred and non-preferred directions. Step and delay values on the x-axis correspond to the values next to the histograms. Error
bars represent ±1 standard error of the means.
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tained with diﬀerent pixels sizes: 0.58, 0.7 and 0.9 for
pixels sizes of 0.12, 0.24 and 0.48, respectively. Opti-
mal delay values generally declined with increasing pixel
size. The mean optimal delays for pixel sizes of 0.12,
0.24 and 0.48 were 80, 34 and 20 ms.Dmax and Tmax values for a larger group of cells (both
band-pass and low-pass) are shown on the right hand
side in Fig. 4. Dmax values were on average 2.8 times lar-
ger than the optimal step sizes, and they showed a
broader distribution. Values ranged from less then 0.5
to about 4, with a clear peak between 2 and 2.5. Dmax
0 5 10 15 2005101520
0.48
0.24
0.12
0.06
Pixel size (deg)
Number of experiments
Low-pass Band-pass
Number of experiments
Area 18
PMLS
Fig. 3. Frequency distribution of band-pass and low-pass tuning in
area 18 and PMLS. The graph shows results obtained for 23 area 18,
and 19 PMLS cells. Data include repeated measurements for a subset
of cells, with diﬀerent pixel sizes.
Fig. 4. Distributions of optimal and maximal step size and delay values for
shown for the band-pass tuned cells, on the left hand side. For low-pass tu
indicating that the measurements did not constrain a lower limit. The right ha
delays (Tmax) for band-pass and low-pass cells. To obtain these upper limits
spontaneous activity. Three cells (1 band-pass and 2 low-pass) were omitted
both graphs, the distribution is categorized according to the pixel size used
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although this relationship is less clear than for the opti-
mal step size. Tmax values ranged from 30 to about
200 ms, peaking between 40 and 60 ms. Mean Tmax val-
ues for pixel sizes of 0.12, 0.24 and 0.48 were 123, 77
and 83 ms, respectively, showing a modest tendency to
fall with increasing pixel size.
3.2. Step size tuning versus delay tuning in area 18
For a subset of area 18 cells (11) we performed more
extensive SSPL experiments, including step-delay com-
binations corresponding to a range of diﬀerent veloci-
ties. All these experiments were performed with a pixel
size of 0.24. In Fig. 5, two examples are shown ofarea 18 cells. Optimal values for step size (Dopt) and delay (Topt) are
ned cells the smallest step-delay combination gave optimal responses,
nd side shows the distribution of maximal step size (Dmax) and maximal
we used a criterion value of 1.75 times the standard deviation of the
because their directional response curve did not fall below this level. In
in the experiment.
Fig. 5. Diﬀerences between the mean ﬁring rates for SSPL motion in
the preferred and in the non-preferred direction for two complex cells
in area 18, for diﬀerent combinations of step and delay values. The
diﬀerences in mean ﬁring rates are indicated by shading. Darker shades
correspond to larger directional selectivity.
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values. The preferred velocity for both cells was 48/s,
which is represented by the step-delay combinations
along the diagonal. Plotted is the diﬀerence between pre-
ferred and non-preferred direction for each step-delay
combination. Dark shades correspond to high degrees
of direction selectivity. Area 18 cells respond direction-
ally selective to a limited combination of step and delay
values. Most importantly, directional responses were
not oriented along equal speed lines, but rather along
the line of optimal spatial displacement.
Separability and dependence of step and delay of
these 11 cells were tested with a method, adapted from
Levitt, Kiper, and Movshon (1994), which was also ap-
plied in our previous study on the velocity tuning of area
18 complex cells (Vajda et al., 2002). In short, cell re-
sponses were ﬁtted to two models: one representing per-
fect independence of step and delay, and the other
representing covariation of step and delay tuning corre-sponding to a constant velocity. Six cells gave no
signiﬁcant correlations with either model and hence
did not favour one model or the other. None of the cells
yielded signiﬁcant covariation for step size and delay
tuning, whereas signiﬁcant independence was found
for 5 cells.4. Discussion
Our main ﬁnding is that complex cells in area 18 are
tuned to speciﬁc combinations of step size and delay of
a moving random pixel array, and a substantial frac-
tion shows reduced direction selectivity for small step
size/delay values. Motion detection by such complex
cells is based on relatively course spatial and temporal
sampling. Other complex cells in area 18, and all cells
encountered in area PMLS showed a preference for
small step size and delay values, i.e. they preferred
the smoothest motion. Results for area 18 thus agree
fairly well with those reported previously for special
complex cells in area 17 (van Wezel et al., 1997). Re-
sults from the SSPL matrix experiments showed no
clear orientation along equal speed lines, but rather
along lines of a ﬁxed step size. Optimal displacement
for these neurons thus seems independent of temporal
delay. This is in agreement with the ﬁndings of van We-
zel et al. (1997) on area 17 complex cells measured with
the same stimulus paradigm. It also corresponds with
results of Baker and Cynader (1988) on area 17 neurons
obtained with two-ﬂashed bar stimuli, and with the re-
sults of Baker, Friend, and Boulton (1991) on area 17
and 18 neurons obtained with gratings. Our results sug-
gest that tuning for velocity of area 18 complex cells
does not result from a co-variation of spatial displace-
ment and temporal delay, but rather on broad tuning
for temporal delay.
Diﬀerences between area 17, 18 and PMLS might
partly be explained by a dependency of step size tuning
on the spatial grain (pixel size) of the RPAs. Cells with
relatively low spatial resolution that were therefore mea-
sured with large pixel sizes, generally did not show an
optimum step-delay combination. Smaller pixel sizes,
on the other hand, more often tended to give tuning to
intermediate step and delay values (Fig. 3). A similar
relationship was found between pixel size and the opti-
mal step size (Dopt) and maximal step size (Dmax). A
comparison between pixel size and preferred velocity
for the set of area 18 cells (see Fig. 6) furthermore
showed that preferred velocity co-varies with pixel size.
This explains that optimal and maximal step and delay
values also change as a function of velocity.
In general, PMLS complex cells required larger pixel
sizes than cells in area 18, and were therefore more likely
to show low-pass behaviour. However, cells with direc-
tion selectivity for smaller pixel sizes did not show
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Fig. 6. The distribution of the area 18 cells according to pixel size
required for direction selectivity and to preferred velocity at that
particular pixel size. Data of in total 18 cells are presented.
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of cells we recorded is fairly limited and the eccentricities
were only partially overlapping in the two areas, the re-
sults are diﬃcult to reconcile with hierarchical process-
ing from area 18 to PMLS. Band-pass tuning in areas
17 (van Wezel et al., 1997) and 18 does not show up
in PMLS. Unless PMLS selectively probes low-pass
tuned cells in areas 17 and 18, it cannot inherit its direc-
tion selectivity for moving RPAs from these areas.
For sinusoidal gratings, it has been found that cat
cortical neurons have lower optimal spatial frequencies,
larger RFs and are usually tuned to higher velocities at
higher eccentricities (Duysens, Orban, van der Glas, &
Maes, 1982; Maﬀei & Fiorentini, 1977; Orban & Ken-
nedy, 1981; Wilson & Sherman, 1976). Orban, Kennedy,
and Maes (1981) however, found, that the correlation
between optimal velocity and RF width can only be par-
tially related to the common factor of eccentricity: even
within a given eccentricity class of area 17 and 18 cells,
there is a correlation between RF width and velocity
sensitivity. In our experiments, area 18 cells were within
10 of the area centralis, while PMLS cells were within
25–30. For 8 cells in area 18 we mapped the receptive
ﬁelds quite precisely, including the total RF area, RF
width in the preferred direction and eccentricity.
Although there was only a slight increase of RF size
with eccentricity, we found signiﬁcant positive correla-
tions between preferred velocity and eccentricity, and
between preferred velocity and total RF area. These
results agree with the above mentioned ﬁnding of Orban
et al. (1981) and suggest that irrespective of eccentricity,
step size tuning depends on RF area and velocity tuning.
Several studies have attempted to falsify diﬀerent
types of motion detector models based on ﬁndings sim-
ilar to the ones we present in this study. Emerson, Ber-
gen, and Adelson (1992) reported evidence against aReichardt type of correlation scheme in complex cells,
based on second order kernels in a reverse correlation
analysis. Their data were not reconcilable with any
simple form of a Reichardt detector. Baker (2001)
performed an extensive model study, comparing physio-
logical results for both gratings and second order reverse
correlations to diﬀerent types of models. For a subset of
his recordings direction selectivity was well predicted by
a motion energy model of the type proposed by Adelson
and Bergen (1985) and supported by Emersons ﬁndings.
Many complex cells, on the other hand, showed a dip at
the origin, which is comparable to reduced direction
selectivity for small steps in our data-set. This behaviour
could not be explained by energy models without intro-
ducing additional limitations on spatial and temporal
sampling. Thus, diﬀerent cell types might be better de-
scribed by one model or the other. Our experiments were
not designed to falsify or verify speciﬁc models for low
level motion detection, but rather to provide the critical
boundary conditions for physiologically realistic imple-
mentations of such models. The experiments probe the
characteristics of low level, local motion detectors,
which form an essential stage in any motion detector
model (e.g. Reichardt-type models, Energy-models).
Physiologically realistic models necessarily consist of at
least two receptive ﬁelds (subunits), of which the outputs
are combined to generate direction selectivity. Models
may diﬀer in the receptive ﬁeld properties of local sub-
units, the sampling characteristics of subunits, and in
the integration of local motion information (see Mather,
1994). Our data link the resolution of local subunits, as
revealed by pixel size tuning, to the spatio-temporal oﬀ-
set of these units and hence provide valuable informa-
tion for constructing low level motion detectors. Based
on modelling results by Baker (2001) a Reichardt type
of multiplicative correlator with input from lagged and
non-lagged LGN cells would be a good starting point.
Given the equivalence of energy models and Reichardt
detectors (van Santen & Sperling, 1985) it seems likely
though that the behaviour may also be reproduced with
a more elaborate energy model in which limits of spatial
and temporal sampling are taken into account.
Because preferred step sizes are generally much smal-
ler than the receptive ﬁelds of the cells, we suggest that
individual complex cells are made up of a large number
of local motion detectors. Our data furthermore show
that band-pass cells require successive stimulation of lo-
cal subunits that are at least several resolution-units
apart. An interesting question is whether low-pass cells
merely diﬀer in spatio-temporal sampling of subunits
(with diﬀerent resolution), or whether they require a dif-
ferent type of model. Possibly they simply correlate
neighbouring LGN receptive ﬁelds, whereas band-pass
cells correlate units that are farther apart. A deﬁnite
answer to this question would require quantitative
modelling. Remarkably, both band-pass and low-pass
1778 I. Vajda et al. / Vision Research 45 (2005) 1769–1779units show fairly narrow tuning to step size and delay,
indicating that individual complex cells are quite homo-
geneous in the properties of basic motion detection units
in their receptive ﬁeld. Similar local correlation proper-
ties are repeated throughout the receptive ﬁelds.
Results from human psychophysical experiments on
the spatio-temporal properties of motion detection were
interpreted in terms of the span and delay between two
inputs of elementary correlators (van Doorn & Koend-
erink, 1982a, 1982b; Van de Grind et al., 1986). An ele-
mentary correlator corresponds to a local motion
detector described in the previous paragraph and its
span is the distance between its inputs (subﬁelds or
receptive ﬁelds). Van de Grind et al. (1986) have found
that subﬁeld sizes increase with the detectors tuning
velocity, and that the average span is approximately
2–4 times the average subﬁeld diameter. Our results
are in line with these ﬁndings.References
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